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ABSTRACT 

Palladium was deposited inside a control } ed-vacuum specimen 
chamber of a transmission electron microscope (TEH) onto 
freshly prepared HeO and c< -alumina substrate surfaces* An- 
nealins and various effects of sas exposure of the particu- 
late Pd deposits were studied in-situ bw hicr.h-r esolution 
TEH and electron diffraction. Whereas substrate tempera- 
tures of 500 C or anneal ins of room-temperature (RT) depo- 
sits to 500 C were needed to obtain epitaxy on sapphire* 
RT-deposits on HoO were perfectly epitaxial. For F'd/HsO a 
lattice expansion of was noted? the highest values of 

expansion (compared to the bulk Pd lattice parameter > were 
found for the smallest particles. The lattice expansion of 
small Pd particles on alumina substrates was less than .1%. 
Lone-time RT exposure of Pd/He 0 in a vacuum of .10 milli- 
bar (major residual eas components were water and CO) yiel- 
ded some mobility and coalescence eventsr but notably fewer 
than for Pd on sapphire. Exposure to laboratory air or 
or.yeen Greatly enhanced the particle mobility and coales- 
cence and also resulted in the flattenins of Pd particles 
on HgO substrates. Electron-beam irradiation further en- 
hanced this effect. Exposure to laboratory air for several 
tens of hours of Pd/MeO led to strorie coalescence with a 

tendency of minimization of the particle surface areas by 
/ 

promoting 3-dimensional F’d particle habit formation. The 
observations were explained in terms of strops metal/ sup- 


port interactions of Pd/MsO 


The results also indicate 


that small deposited metal particles maw 
able chances when exposed to air at RT 
practice in ex-si tu TEM investiGatioris of 


underao appreci- 
such as is common 
particulate depo“ 


INTRODUCTION 


OWSINflt 
of POOR QOAus t i 


/ 

ProGress of modern catalysis research has, spurred a renewed 

# 

interest in small-particle research. The determination of 
the crystal structure and habit planes of nanometer-size 
particles has mostly been reserved to various TEH 
approaches. In the vast majority of all such work 
reported. the particles were prepared (i) outside the 
vacuum system in which they were subsequently invest ioatedf 
and <ii) often many hours or days before the TEH studies 
actually started. arid little if any attention has been 
directed to the influence that this treatment of the 
deposit prior to the TEM studies micht have had on the 
results. In the present work we have employed the in-si tu 
TEM technique r where the depositions arid subsequent TEM 
analysis are performed in the TEM under controlled vacuum 
conditions (1). for the study of this effect. 

As important as controlled vacuum conditions -- achieved in 
our in-situ approach by replacine the reeular TEM specimen 
chamber with a uhv-compst idle advanced custom chamber that 
is differentially pumped — is the availability of clean 
substrates for such work. Sinele crystal thin, electron 
transpar ent films of MgO (2.3) and sapphire can be 

i 

produced by in-situ electron-beam flash heatiriG of 

/ f 

chemically pre- thinned MgO disks and amorphous alumina 
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I *1 
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films r respectively* Since the cleanliness of these two 

types of substrates has been well documented r and since MgO 

and alumina are substrates of interest in ''catalysis — the 

* 

former beiriG representative of stroncr the latter of weak 
metal/substrate interaction — we have chosen MgO and 
alumina as substrates for this work* 

With an in-si tu TEM facility that allows operation under 
controlled vacuum conditions at hish imase resolution we 
have studied the nucleation and early Growth of pd from the 
vapor Phaser the respective epitaxy and pseudo-morphi sm r 
and the exposures to various eases of palladium on MgO arid 
alumina substrate surf sues at various temper atur es * 


ORIGINAL PA?:;" \r 
OF POOR QUALITY 

EXPERIMENTAL 

Pal ladium was evaporated from an electron-beam heated 

source installed in a custom stainles-s steel specimen 
chamber fitted to a Siemens Elmiskor* 101 transmission 
electron microscope (TEM) converted for in-si tu 
experimentation (6). The evaporation rate and deposit 

thickness were monitored with a Quartz crystal micro- 

17 O 

balance* A rate of 3x10 atoms/cm'Vsec was maintained 

for all depositions* The maximum aversGe ’deposit thickness 
was 1.8 nnu if unity sticking probability on the Quartz 

crystal is assumed* The chamber r evacuated with a helium 

_ <? 

cryopumpr was at a pressure in the mid 10 millibar 

ranee (1 millibar - 0*75 torr > before and after the 

deositions* The chamber pressure increased by appr ouimately 
one order of maenitude durine the depositions. 

In order to minimize the influence of the imaGins electron 
beam * its intensity was maintained below 0.1 A/cm^r and the 
total beam exposure of the specimen areas of interest was 
minimized (to below a few tens of A sec/cm - — 1 Asec/em ~ 
67/12 electr ons/nm ) by per for mi ns all routine TEM imaee 
adjustments at specimen regions outside those of interest r 
except for those experiments where specimen irradiation 
dames e itself was the object of the invest is at ion ♦ 

/ 

The alumina' substrates were prepared by anodic oxidation at 
Z5 V of 0*025 mm thick aluminum foil and by subsea u on t 


dissolution of the unoxidined aluminum in a saturated HgC 12 
solution* The resultinc approximately 100 nm thick 
amorphous alumina films were washed in distilled water * 
transferred to a specimen Grid? and mounted in the specimen 
staee of the TEM* Clean* sincle crystal sapphire substrate 
areas of various orientations were _ obtained by 
electron-beam flash heatinc immediately prior to the 
deposition <5 *6*7)* 

Mas nesium-oxide substrates were prepared from 0*5 mm thick 
MgO disks of 3 mm diameter by chemical pr e-thinnine with 
hot* concentrated phosphoric acid in a dual -Jet TEM 
specimen thinnins apparatus until a hole fcrmed in the 
center of the disk* The ^re-thinned specimen was then 
washed carefully in methanol and inserted in the hot staGe 
of the TEM* Clean* electron-transparent areas of MgO in 
[100} and £lllj orientation were obtained by electron- beam 
flash heatiriG immediately prior to besinninG the deposition 
( 2 > ♦ 


The experimental conditions for the preparation of clean 
substrate areas by electron-beam flash heatins were the 
same for both types of specimens and were essentially 
independent of the substrate temperature* exposure of a 
selected specimen area (near the edse of the hole in the 
case of MgO) with a beam of approximately 15 microns' in 
diameter at 2-8 A/cm2 intensity for a fraction of a second* 


6 


resulated by passine with the final condenser lens throueh 

focus? produced the required sinele crystal specimen 

reGiorts <3?5?7)» The preparation of clean? electron- 

transparent specimen areas by flash heatinG could be 

repeated several times for subsequent deposition 

/ 

experiments* The hiGh momentary temperature conditions 
associated with this technique cause any deposits? 

includiriG previous palladium islands and hydrocarbon 
contaminants? should they be present? to evaporate (6)? 
thus leaviriG clean substrate surfaces recardless of the 
deposition history of the sample* 

The depositions on MgO surfaces were performed at room 
temperature <RT) or at silently elevated temperature* The 
substrate temperatures for depositions on alumina varied 
between RT and 700 0* In order to be able to quickly reach 
the temperature equilibrium necessary for hich-r esolution 
microscopy? the work on alumina substrates was done with a 
direct-Grid heater hot stace (6?8)? whereas the MgO disks 
had to be mounted in a more conventional? indirectly heated 
hot stase* The Grid-heater staGe had the added advantaae 
of maintainiriG the TEM manufacturer- recommended vertical 
< z -) position of the specimen in the objective lens? thus 
operatinG under optimum focal lensth and lens aberration 
conditions* The vacuum seal between the custom 
deposi t ion/specimen chamber and the TEM objective lens 

i 

required t'he specimen position to be raised by 
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ease of 


the convent i ona 1 t 


approximately 1 mm in the 

indirectly heated hot staee. However* we found that the 

sacrifice in imacse resolution due to this increase in 

spherical and chromatic aberration constants was hardly 

» 

noticeable. We were #fctle to clearly imase palladium 

clusters below 1 nm in diameter with both types of staces. 

A typical experimental seouence consisted of (a) 

preparation of a clean* sinde crystal specimen area* <b> 
evaporation of palladium (usually with the imaeine electron 
beam off)r and (c) the Generation of a defocus series of 
hieh resolution TEH imaGes and of a few selected-ar ea 
diffraction (SAD) patterns. Step (c) was sometimes 
repeated after various time intervals of uhv anneal iris * or 
after admittino Gases (oxysen or hydroeen at low pressures* 
typically for several hundred Lansmuir s ) or laboratory air 
(at atmospheric pressure). 

In a few cases* a specimen was transferred to a hiGh- 
resolutiori Hitachi H-500H TEM for extended-per iod air 
exposure and selected-zone dark field (SZDF) work (9). 

The resultiriG electron microeraphs were evaluated in terms 
of palladium island number density* surface coveraeei and 
size distribution with a Zeiss Videomat imace analyzer. 


! 


8 


ORIGINAL PASjI n 
OF ROOK QUALITY 

E^iiaxu and Gas Exposures 

* 

Depositions at room temperature wielded very small crystals 
at very hiGh number density r euite randomly oriented (only 
exhibiting a very slicht texture) r as is shown in the 
miarosraph and the diffraction pattern of Fie* 1 for the 
case of a nominal 0,6 rim thick deposit* Raisiric the 
substrate temperature to 600 C produced much lar-Gerr 

epitaxially oriented particles (Fie, 2), Practically the 
same result in terms of averaoe particle sizer number 

density r and epitaxial orientation can be obtained by short 
duration anneal ins of an RT-denositr as is shown in FiG»3br 

where the specimen of Fie, 3a with a 0,2 nm RT~depasit was 

-8 

heated for 3 min at 500 C at a total pressure of 2x10 

millibar* Fis ♦ 3c and d Give an example of the effect of 

subseeuent exposure to oxysen and hydroaen (each for 10 min 
"S' 

at 1x10 millibar and 200 C)r respectively* Whereas a 

sienificant number of cluster mobility and coalescence 
events has tal'en place dur ine the oxaeen anneal inG 
(Fie. 3c) r further chances dur inc subseeuent bydroceri 

annealiriG were not noted (Fis*3d)* The latter is expected 
sice hadrotsen desorbs from Pd at temperatures as low as 100 
C* The . chances dur inc oxacen annealiriG include also 
structural r ear r anGements r evidenced in an increase of Pd 


RESULTS 

•wa ana ca aw* »r* 'tt aa 

1, PALLADIUM ON SAPPHIRE 
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ORIGINAL P*. " 

OF POOR qu;. /. 

200 and a strons decrease of Pd ill diffraction intensities 
in FiG * 3c ♦ 


Lattice Expansion 

. Measurements of the lattice parameter of the palladium 
overcrowth* usine the alumina reflections as internal 

standard * yielded a value about 0,75’/. 1 sreer than bulk 
palladium. However* such measurements are difficult and 
micht at times be doubtful if the substrate is not 
perfectly planar within the selected area. For example * 
the bendincs of the alumina substrate in Fie. 3 caused 
apparent chanties of the d-spacinss of the respective 

■ 'n-a* 

alumina planes by as much as 17. r thus invalidating the use 
of these diffraction patterns as reliable standards. 

However* the diffraction pattern of Fie. 2 shows a low 
decree of such distortion* the above value of 0.75% was 
averaeed from this and similar diffraction patterns. 

With a somewhat lesser decree of confidence we determined 
that the lattice parameter of the palladium islands 
expanded to a total of about 27. (+-1 7.) upon anneal ins in 

oxycen at 200 C* such as done between FiGS. 3b and 3c. 

Further annealine in hydrocen <F1g, 3d> did not affect the 

lattice parameter of the Pd island deposit. 


% 


2. PALLADIUM ON Met) 

Nucleatiori and Epitaxy 

As known ’from our previous work* the MgO substrate 
preparation method by electron-beam flash heating produces 
two types of substrate orientations? £iOt)J and £ 1 1 13 ♦ 
Since £l00j surfaces were produced much more frequently? 
and since there were no indications that the major results 
were dependent on the orientation of the substrate surface? 
are reporting here mostly results obtained on £100,} MgO? 

A sequence of imsces of typical RT-deposits of 0*3? 0*6r 
1,2? arid It 8 nm nominal thickness on £.1 0 0^ MgO is shown in 
Fic.^t The number density of the palladium islands? the 
area coverage? and the average particle size are plotted in 
Figs » 5-7 t Whereas the determination of area cover aees with 

an imaee analyzer workins on the principle of Gray level 
discrimination is quite reliable? the measurement of mean 
particle sizes or size distributions can be quite ambicuous 
for small particles? since the Gray-level contrast of such 
particles depends stronsly on the TEM focus condition and 
on backGrourid intensity variations? We have? therefore? 


11 


relied on a calculation rather than a measurement of the 

mean particle diameter (Dm)* If ($) is the measured area 

coveraGe ( 0< (^ <1 )r if N is the measured particle number 
* 

per cm* and if we assume circular particle projections arid 
hemispher ical particle shapes* we Get 


_ lb. 7) Z 

& = 10 Nir %■ 

v- < 1 > 


and therefore 

2> - A *3 * lo' 7 ( &/n) l//z 

(2) 

A typical deposition - anneal inc seeuence (all at RT> is 
presented in Fie. Sr showiriG in (a) the as- * cleaved " MgO 
substrate* in (b) the 0.3 nm Pd deposit shortly after 
deposition* and in (c) the same deposit after 21 hours 
a n n e a 1 i n s ♦ C £ v e f u 1 examination of the f i g u r e indicates 
that some coalescence events and mobility events (one 
example each is shown in the circle and the square* 

~S 

•pespeetively ) occurred under these RT hi eh vacuum (2x10 
millibar) annealiriG conditions. The effect of hiGh vacuum* 
low- temperature annealiriG decreases with increased averace 
deposit thickness. For twice the deposit thickness* much 
fewer coalescence events were found* and practically no 
annealiriG effect was noted for a 1.2 nm der-osit as shown in 
Fie ♦ 9 ♦ 


/ 


OfiiCSSNAL :! 
of poor Qu;*:..t.r 
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Lattice Expansion 


Where3s deposits of palladium on sapphire substrates showed 

i 

clear Pd diffraction intensities in SAD patterns even for 
thin deposits <e.G.* Fie. 3 which represents a 0.2 nm 
deposit) * the detection of diffraction intensities for Pd 
on MgQ was considerably more difficult. Fourfold thicker 
deposits were the approximate lower detection limit. But 
even for this deposit thickness the Pd diffraction spots 
were so weak that the photoplates had to be intentionally 
over exposed * and the results had to be compared with those 
of substantially heavier deposits* such as 1.2 or 1.8 nm* 
in order to make reliable measurements. In Fie. 10 we 
present as example two diffraction patterns representa- 
tive of |.2 nm and 1 .8 nm deposits on £.10 0j HgQ. Apart 
from the fact that FiG. 10 indicates near-to perfect 
epitaxy for these RT deposits* one can notice that the Pd 
diffraction spots are relatively broad* and measurements of 
the spot specifies* us ins the perfect MgO 20 0 and 22 0 

type spots as internal standard* indicate that the 

corr espondine lattice parameter is substantially lareer 
than that of bulk palladium. Measurements usine results 
from several diffraction patterns and from several 
depositions for ^each thickness indicate that this "lattice 
expansion" amounts to 2.5 - 3% for deposits thicker than 
0.9 nm (averase)* and that it increases notably for thinner 


deposits* No chances in the diffraction patterns were 
observed upon RT anneal ins or exposure of the deposits to 
Gases or laboratory air* It should be noted * however r that 
our experiments do not allow any conclusion about the 
Question whether the entire unit cell is expanded * or if 
the expansion observed in the direction parallel to the 
substrate surface is concomitant with less expansion or 
even contraction in the direction normal to the substrate 
surface* thus reducinG the unit cell volume increase. 
Information about lattice expansion on £lllj MgO was not 
obtained because of difficulties in the measurement of MsO 
d-spscinss which are subject to chances due to strone 
bendins and concomitant diffraction contrast chances within 
even small selected areas* 


Gas Exposures 


Exposure of F'd/Mc 0 deposits to oxycen or air at RT yielded 

marked chances beyond those that are obtained duririG RT 

vacuum snnealins alone* An example for a 0.3 nm deposit is 

presented in Fie. 11* showinG the condition 7 min after 

deposition in < a ) * and the conditions 2*5 min* 36 min* and 

200 min followine oxyeen exposure at 2X10 millibar for 3 

min in (b)* <r)* and (d) r respectively* The circles in (b) 

indicate some of the many coalescence events that have 
/ 

occurred due to the oxysen exposure. The triansle denotes 


Ik - 


a r-ariicle that has chanced into a distinct * triangular 
shape. Further mobility durine additional annealinc was 
then relatively infrequent. This result indicates that due 
to the axyaeri exposure we observe particle mobility and 
coalescence as in the case vacuum annealiriG* but that the 
relative number of events is markedly increased. 

Even more sionificant charges are observed if thin Pd/hGO 
deposits are exposed for short durations to laboratory air 
at atmospheric pressure* as is demonstrated in Fie. 12 for 
the case of a typical 0 * 9 run deposit. The particle number 
density has decreased by ,1 .67. r and the decoration of 
substrate surface steps seems to have become more 
pronounced (see arrow) ♦ In FiG.13 we present an example of 
a thicker RT-deposit < (■.8 nm) that had been exposed to air 
three times* once for 10 min while still in the specimen ^ 
stace of the in-si tu TEM facility (Fie .13b)* once for some 
30 min duririG transfer to the Hitachi H50 0H hich-r esolut ion 
microscope (Fie.l3c)* and once for 120 hours in a loriG-term 
laborato-y air exposure experiment (Fie .13d). One can see 
that the particles have moved toward each other* often 
formiriG chains of particles that have coalesced but not yet 
sintered into new* homoceneous sinde crystal* 
hemispher ical particles. The chances are most pronounced 
between the as-deposited stace (Fie, 13s) and the first air 
exposure <FiG.13b)* and the process continued duririG the 
second air exposure at a slower rate. However* the chances 
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due to exposure to laboratory air apparently continue to 
occur for loriG times* FiG* 13d reveals a substantial 
additional chance after 120 hours of air exposure* Whereas 
the previous particle shapes had predominantly been scauare 
or rectanoular r most facets seemed to have disappeared 
duririG the prolonsed air exposure t leaviriG chains of 
particles with essentially round profiles* But even in 
this prosressed staGe of coalescence — there is also a 
sisriificant number of additional coalescence events in 
FiG* 13d when compared to Fie* 13c — complete siriteririG into 
newr homoGeneous sinsle crystal particles has not occurred* 
This is demonstrated in the microcraph of FiG.14? which was 
taken after Fie* 13d* Fie *14 shows one brisht field and 
two SZDF exposures r i maced with the F'd 20 0 zone! Fie* 1-lb 
is in focussed condition and Fie. 14c is a double exposure 
of two defocussed conditions* These microcrsphs illustrate 
(see circled area) that the F'd diffraction intensities 
still stem from the oriGinal* then separated crystallites* 
Fie* 14c also indicates that the <00 1> direction in the 
deposit is at an unexpected 45 decree ancle with respect to 
substrate surface steps. 


/ 
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The loriG-terrn annealing effect was Quite different if the 
annealiriG* following a few minutes of exposure to 

laboratory air at atmospheric pressure* *’ was performed in 

~ 8 

vacuo (1x10 millibar)* This can 1 be seen in Fie. 15 for 

the case of a 0,3 rim Pd deposit on MgO before and after 
such treatment? significant spreadiriG of some of the Pd 
particles occurred on the £lll} substrate area (see circled 
area as an example) and almost complete spresdinsi leadine 
essentially to disappearance of most of the Pd particles* 
was observed in the -{lOO} MgO areas (top of Fie. 15)* 


Electron-Beam Induced Effects 

FiG*16 demonstrates the typical influence of the electron 
beam* Durine the electron microscopy leadine to Fie* 13c* a 
total beam exposure of 180 A sec/cmZ was loGeed* The 
irradiation was then intentially proloriGed by another 150 A 
sec/cmZ at a sliehtly increased rate* leadine to FiG*16d* 
A twofold effect is noticed* First* a build-up of 
material* similar to the common hydrocarbon contamination 
has occurred as can be seen alone the ease of the MeO 
substrate area* However* particle mobility was not 
suppressed as expected from a hydrocarbon contamination 
" f ixiriG ” layer* Second* strons phase contrast features 
appear alona the left hand side of the selected microeraph 
area* concomitant wi'th a decrease of contrast and/or 
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complete disappearance of the Pd particles* More careful 

examination of micrographs of this Kind revealed that this 

effect is enhanced with increasins specimen thickness r as 

would be expected from radiation damase in the bulk of the 

* 

MsO support* 

We observed a significant enhancement of the radiation 

damase effect when the specimen had also been exposed to 

laboratory air at atmosiheric pressure (inside the EM 

specimen staee for a few minutes)* Fis* 17 shows a 0*3 nm 

Pd deposit on $_;i. 1 1}- MsO after deposition (Fis. 17a) and 100 

hours later (Fis. 17b)* The total electron exposure between 

2 . 

these two microsraphs was Quite low ( <30 A sec/cm )r and 

the chanses are ^s expected for RT vacuum anneal ins. After 

takins the microsraph of FiG*17b» the air exposure was 

conducted)' and 2 0 hrs later Fis* 17c was taken* The 

additional electron irradiation was asain only <30 A 

2 . 

sec/cm ♦ The electron exposure was then deliberately 

increased by 250 A sec/cm (usins 0*8 A/citi current de-HSliy) 
to produce Fis* 17d* The prosression of both particle 
spreadins and Generation of phase contrast features is much 
increased after the air exposure (compare Fis* 17c with b 
and Fis* 17b with at and compare also with the not air- 
exposed sample of Fis* 1.6d)* Further more t the dependence 
of the masnitude of this effect on the sample thickness is 
suite evident? when we compare with the orisinal state 
immediately followinG the deposition (FiG*17a)» which 
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clearly shows the substrate steps and areas of eouol 
thickness by contrast variations from step to step* Thin 
substrate areas show the least effect* 

/ 

It should be noted that a certain* not neslicible effect of 

electron irradiation damaGe was noted also for plain MgO 

substrates without Pd deposit* Under otherwise comparable 

conditions r FiG.18 shows a {ill}- MgO area (top) arid {,10 0} 

area (bottom) immediately followiriG e-beam flash heatina 

(a)* 2^0 A sec/cm of 0.2 A/cni irradiation later (b>* 

2 

additional 720 a sec/cm2 later (c)* and 720 A sec/cm after 

art air exposure and 20 hrs of RT-anneal ins (d) followiriG 

Fis. 18c* A microGraeh (not shown) taken before the 720 A 
1 

sec/cm irradiation but after the air exposure looked 
identical to FiG.ISc* Fis* 18 demonstrates that the 
electron irradiation dsmase effect is stronsest in the 
thicker specimen res ions* 


I 
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DISCUSSION 

There are strikinG differences between the results obtained 
for MgO and alumina substrates* Under virtually identical 

y 

experimental conditioner RT-der-osits seem, to be less thick 
(iri averace thickness) on MgOi- they are hiGhly epitaxially 
oriented on MgO and almost completely random on alumina » 
and their diffraction intensities are unusually broad on 
MgO* Effects of exposure to eases and laboratory air were 
noted in both cases r but they were found to be less severe 
for Pd/alumina* A separate discussion of the results for 
(i) the nucleation and early Growthr (ii) epitaxy arid 
pseudomorphism r and (iii) anneal irtGr Gas exposures r and 
electron- beam enhancement follows* 

(1) NUCLEATION AND EARLY GROWTH 

The apparent difference in deposit thickness can in part be 
explained as due to 3 substantially lowered condensation 
probability in the case of Pd/MsO* One can estimate the 
condensation probability from the TEM results* If we 
assume that the particles have essentially a hemispherical 
shape and that the condensation probability (Po) on the 
(heavily Pd-coated) ouartz crystal is unityr the 

condensation probability (P) on the MgO substrate eouals 
the averace thickness <M> of actually deposited palladium 
divided by the^ thickness (Mo) monitored with the Quarts 
crystal microbalance* UsiriG the mean particle number 
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density (N> and the mean particle 

i 

earlier in this report* we obtain 


diameter (D) defined 


jtf. j 

P - Po X M/Mo 10" JL H D Po/lio ‘ (3) 

iz 

For the case of a nominal 0.3 - 1*8 nm Pd deposit on MsO* 
such as shown in Fis f 4r this equation yields a dependence 
of the condensation Probability on the deposit thickness as 
shown in FiG ♦ 19* Plotted separately for Pd/MsOflOO] (solid 

i 

curve) and Pd/MaO £l 1 lj (dash curve)* The initial decrease 
of P with increasiriG thickness mir.ht be due to nucleation 
at preferred sites* Once all sites have been filled* a 
further increase in deposit thickness would be expected to 
Justify an increase in the condensation probability* since 
a more substantial fraction of adatoms impinses on 
palladium islands where the stickinc probability can be 
expected to be hish* The results plotted in FiG *19 are in 
Qualitative aereement with this reasoninG* althoUGh the 
difference between the results obtained on the two types of 
HgO surfaces cannot as readily be understood* One possible 
explanation miGht be that the assumption of hemispherical 
particles is not satisfactory for low deposit thicknesses* 
i*e** that the Pd particles are particularly flat durinG 
the early siase of Growth* In fact* AES and UPS studies by 
Osebler and coworkers (10) indicate layer Growth for Pd 
deposited a „ RT onto clean ZnO surfaces* Their results 
imply* however* layer Growth beyond a deposit thickness of 
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3 nm > which clearly differs from our results for Pd/MaQ* 

CorrespondiriG calculations of the stickine coefficient for 
Pd on sapphire yield much hieher values of 0*2 7 for the 0t2 
.nm nominal deposit case (Fie *3) and 0 *^7 for 0*6 nm deposit 
thickness <FiG*l>* There seems to be no sienif icar.t 
influence of the substrate temperature durins deposition on 
the condensat ion probability in the temperature ranee 
between RT and 500 C? the temperature prevailine duririG the 
0*6 nm deposition experiment* 

These findiriGs of a substantially hieher condensation 

probability for the Pd/sapphire system when compared to 

Pd/MeO? complemented with results reported for Pd/mica 

<11 where a condensat ion coefficient of 0*6 was found? 

1 

indicate that for a substrate /overarowth system with 
strons metal support .interaction — which we suppose exists 
in the case of Pd/MeO as will be discussed below? and to a 
lesser decree for Pd/mica <11> — one does not necessarily 
find a corr espondins ly Irish adatom stickine probability* 


(2) EPITAXY AND PSEUDOMORPHISM 

The results indicate that palladium Grows perfectly 
epitaxially on MgO at temperatures as low as RT r whereas 
epitaxy on sapphire surfaces requires some 500 C* A 
comparatively low epitaxial temperature (Te) for Pd was 
found by various other investigators* Doerino et al. (11) 
found a slisht texture for Pd/mica at 200 C and explained 
this as due to an appreciable decree of metal - support 
interaction* Christman and Ertl (12) report an optimum 
temperature for Pd/NaCl of 200 Cr with 100 C or 300 C 
yieldinc stronc fiber textures* Murr and collaborators 
(13) reached essentially the same conclusion* Kato ( i ^ ) r 
workinc under 10 millibar vacuum conditions r found an 
increase of Te for Pd/KCl and Pd/KBr to Pd/KI from 80 C to 
280 C and suGcests a correlation between Te and the ionic 
radius of the anions in the substrate* Gil let and Reriou 

(15) found Good epitaxy for Pd/MoS^ over a wide ranee of 
substrate temperatures (Ts)* TakayanaGi et al* actually 
performed Pd/McD studies under conditions similar to oursr 
but only at elevated substrate temperatures between 200 and 
500 C » and in this recline they’ found perfect Pd/McO epitaxy 

(16) * Palmberc and RhOdin (17) obtained £l00j epitaxy for 
Pd/McO (bulky uhv-cl eaved ) for Ts>350 C* The low epitaxial 
temperature for Pd/McO — which may actually be well below 
RT (no indication of improvement of the decree of epitaxy 
was noted in our experiments for Ts>RTr and Ts<RT was not 

— compared with the much hieher epitaxial 
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attempted ) 



temperature for F’d/oappbire under otherwise very comparable 
conditions t is another indication of the well-known fact 
( 18 ) that the Geometric resistry between oversrowth and 
substrate (8% for bulk F'd/MsO r less for Pd/sapphire ) is not 
the most important factor in the determination of epitaxy 
for relatively weakly interact ine substr ate/ovorsrowth 
systems* Surface free energy considerations (1*1) and 
electronic interactions between oversrowth and support (19) 
are much more important factors determiniriG the mode of 
overGGwth (layer vs* three-dimensional deposits) and 
epitaxy ♦ 


One of the more surprisirie results of this study is that 
the lattice parameter of Pd on MgO was found expanded 

by some 3% when compared to the bulk paramei rr and the 
diffraction spots were Quite broad < F :i g ♦ 1 0 ) ♦ The expansion 
was hiGhest for the smallest particles* The broadness of 
the Pd diffraction spots could be due to the small size of 
the Pd islands* However/ our results cannot fully be 
explained on this basis* The mean particle dimension (D) 
is related to the d * f fraction broadenins <B) via the 
Seherrer formula (20) 

D w KX/(B cos 0 C ) 

where <K) is a constant factor close to unity r < X. ) i G the 
(electron) wave lenethr and ( O 0 > is the Brass ancle* The 
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broadening (B) is measured a.n radians. Usins the mean 

particle sines computed with equation (Z) r actuation (4) 

would cause the Gaussian spot sine distributions shown in 

/ 

part A in Fie. 20 for the nominal deposit thicknesses 0,8 

* 

4.8 nm used in our experiments for Pd/MsO. (The integrated 
intensity was set proportional to the deposit thickness). 
Aver as es of many diffraction patterns such as those shown 
in Fie .lo Giver on the other handr the diffraction 

intensity distributions shown in B in Fie. 20. It is 
evident that <i) the actual spot sir.es are much broader 
than would be expected if only natural broaderdriG would be 
present r and <ii) that the tendency of the broaderdriG 

direction is toward a decrease of the Pd/Me 0 lattice 

misfit r which is about 8% for bulk Pd/McOr i.e.r the 

tendency is for the Pd lattice parameter to increase with 

respect to the bulk lattice parameter. This result 
contrasts with various earlier results r such as for sold on 
mica obtained in our laboratory}- where evaluation of 
substrate lattice plane re >lutionr directions and spacincs 
of moire fr irises i and shapes of the particles led to the 
conclusion that the lattice parameter of the sold deposit 
was actually contracted (by about l 'A r deer easinG for 
iricreasiriG particle size) when compared to the bulk 


parameter of 

Gold. 

This was 

in spite of 

the fact 

that the 

substrate la 

} tt 1 o e 

parameter 

was actually 

lsrser f r 

L^e*? the 


lattice misfit increased rather than decreased in that case 

/ 

(21)- 22). In ' earlier worki- Mays et al. (23) found similar 
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results for Gold on carbon* and Boswell measured lattice 
shririkoee of almost 2% in cold particles of some 2 nm in 
diameter <2 ,£ f)» The results were explained in terms of 
surface stress* which is lareer for small particles due to 
the hieh surface- to- volume ratio* Palmbere and Rhodin 
<17) refined this explanation for Pd on mechanically 
cleaved MgO in terms of enhanced surface valency* More 


recently * 

Yokoceki 

<25> examined 

the 

Question 

of lattice 

shr inkac e 

of small 

particles for 

the 

case of 

lead* He 


found a modest decrease of the lattice parameter by 0*3 7. 
and arsues that* although this result aorees with the 
phenomenoloaical concept of elastic compression due to 
surface tension* there may well be another explanation* 
linear thermal expansion* which would Qualitatively seres 
with his results* Yokoseki further points out that an 
opposite effect* appreciable lattice expansion* would be 
plausible for interplanar spacinss adjacent to a free 
surface* This argument dates back to work by Burton end 
Jura (26) who * usina Girifalco arid Weiner's (27) Morse 
potential coefficients for fee metals* calculated the 

surface distortion in fee solids* Their results ranee from 
5*5% expansion for Pb over 6*5% for Ag to 12.5% for Ca 
[too] * the expansion be ins lower for £liOj and fil'ij 
surfaces* Tick and Witt <28) later expanded these 

calculations* usirrG a 



-J 
t: * 

t 3 
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type potential r with and p ~7 for fcc~type metals and 
g~ 6 and p=12 ( Lennar d-Jones ) for molecular crystals* Their 
resultinc fractional increase in ini err- 1 anar spaciriG at the 
surface was 1 - /f % for metals and as much as 15 - 3 0% for 
molecular crystals* 

Evidence of lattice expansion of Pd on MgO was also found 
by Anton et al ♦ in recent in-situ TEM diffraction 
densitometry measurements (29) followine a method developed 
earlier by two of the present authors <30>* Takayanasi et 
al* (16) presented a microeraph of Pd islands deposited at 
300 C on MgO show ins moire frinses* They measured a frinse 
spec ins of 2*5 run and sussest that they are 220 -type 
moires* Under these conditions * a 2*1% lattice expansion 
would follow for their Pd islands* which would essentially 
aeree with the present work* but only if one disresards the 
considerably larser particle size in their work* However* 
their presentation indicates disasreemerit with our findings 
concerniriG the substrate/ overerowth directions* if the 
lattice directions are assumed to be correctly indicated* 
their moires should be of the 200 rather than 220 type* 
and 200 -type moires with 2*5 nm specifies would* in turn* 
indicate the bulk lattice parameter of Pd* i*e** the result 
that one would expect on contaminated MgO surfaces* 

Turkevich et al* (31) report a lattice parameter increase 
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averse inc 1*5% over the bulk parameter for Pd chemically 
precipitated and presumably supported on carbon ♦ Their 
conclusion is based on TEM lattice imases of the palladium 
particles upwards of 2 nm in size* However ? they make no 
mention of potentially significant imase interpretation 
difficulties that can be present in TEM lattice imacses 
unless the focusins and astis matism conditions are known 
and carefully taken into consider ation? such as by 3 mace 
simulation calculations f'32>» On the other hand? 
Woltersdorf et al* (33) interpret© the bendincs of Al/MsO 
moire frinees toward the edGes of small particles as 
indicative of lattice contraction beine most prominent at 
particle eddies ♦ They likewise do not consider dynamical 
effects* Turkevich et al* (31) do mention? however « two 
additional results that are of interest in the present 
situation* First? in otherwise similar lattice parameter 
determinat ions of Pt islands they found no lattice 
expansion? which mieht Give credence to their results for 
Pd in spite of the theoretical ambiguities mentioned above* 
Second? they report that the lattice parameters measured 
for Pd varied substantially from particle to particle* 

When speculatino about the reason for the hroadenine of the 
Pd diffraction spots in our work? two possibilities are 
presently be ins considered? 

(i) The individual Pd islands? whose mean diameters we 
estimated with sou* (2)? are not sinsle crystals but some 
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sort of multiply twinned particles* each twin beine of 
considerably smaller dimension than the whole particle* 
Therefore* 3 broader diffraction peak could be expected* 
This possibility* which follows the reasoniriG of Solliard 
(34) who used the diffraction spot size in 40 kV scanniriG 
ED experiments of Au and Pt particles to determine that the 
Au particles were multiply twinned and the Pt particles 
siride cr.ystals* seems unlikely because the absence of 
diffraction contrast features usually typical of twinninc 
<Fies*13 and 14 >* as well as the symmetry in the 
diffraction patterns (Fie *10) clearly indicate that no or 
only very few Pd islands were multiply twinned* the rest 
are sinsle crystals. (ii) The lattice parameter chances 
within the individual particles due to strains exerted most 
stronsly in the Pd/Mcn 0 interface layer and decreasine with 
iricreasinG distance from the substrate* However* such 
lattice parameter chances within individual small 
(nanometer -size) particles have been arsued to be 
improbable for the case of multiply twinned cold 
crystallites* where a departure from the fee lattice 
conf icuration to a rhombohedral or a bco corif icur at ion — 
uniform within the entire particle — was shown to be a 
more probable means to accomodate the Geometric misfit for 
icosahedral and decahedral particles* respectively (35*36)* 
It may well be that this aroument could be extrapolated to 
small particles in General only uniformly strained 
particles can exist* However* this areument would not 
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aeree with the earlier mentioned work by Yokozeki (25) * 
Burton and Jura (26) t and Tick and Witt (28)? but one 
should note that their aroument of non-unif onii lattice 
parameters would then be opposite, to the case presented 
here* they explain expansion in interplanar spacinas 
adjacent to a free (vacuum) surface * whereas we discuss 
such expansion in the overerowth 3t the substrate/ 
overcrowth interface. Particles of different sizes will be 
capable to accomodate different * yet uniform strains 
leadinG to different* within each particle constant lattice 
parameters. The observations by Turkevich et al, (31) seem 
to favor this alternative, 

A stroriG metal support interaction is considered the main 
drivinG force for the lattice parameter increases observed 
in our studies. Pseudomorphism (37) is a well-documented 
phenomenon in very stronely interactinc substrate/ 
overerowth systems under truly clean experimental 
conditions (38), For the case of 2 nm size Pd particles on 
a relatively stronely interactinc substrate like McO under 
clean experimental conditions* the accomodation of 
interfacial misfit by uniform particle strain is probably 
the dominatirtG mechanism. However* when either the 
substrate/ overerowth interaction is decreased (e,G* by 
contamination* or for different materials) substantially 
and/or when the particles become even smaller ( <1 nm)* the 
particle "capillary forces" take over and minimize the 
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total surface free energy of the system by particle 
contraction ♦ This is probably the reason why in recent 
EXAFS/XRD measurements (39) as well as in most older 
studies which were more dominated by contamination only 
decreases of next nearest neighbor distances were found* 
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(2) ANNEALING * GAS EXPOSURES * AND ELECTRON-BEAM ENHANCEMENT 
The results indicate that annealiriG at room temper ature r 
exposure to Gases r arid exposure to the electron beam all 

influence the deposit* Due to the nature of in-situ TEM 

/ 

experiments that are performed serauent ially and rely on the 
electron beam for recordins purposes* one cannot positively 
study the effect of any one of these factors independent of 
the others* The desiGn of the experiments allowed * however * 
assessment of that nature at least in part* The followiriG 

trends can be extracted from our results for F'd/ MgO* 

o 

(i) The effect of anneal iriG at RT under 1x10 millibar 

vacuum conditions is some coalescence by cluster mobility 
Cor by fast Ostwald ripeniriG at a time constant of <1 
sec)* In earlier experiments in our laboratory we examined 
in-situ the annoaliriG behavior of silver on Graphite (-10) 
and Gold on MgO (3* ^1)* In these experiments we were able 
to clearly dif f erentiate between ripeniriG* occuririG over 
periods of 100 seconds* and mobility events* occurrinG 
within <<0*1 seconds* The actual time resolution in the 
present experiments beine only of the order of 1 second* we 
believe that it is most likely that the mobility of F'd on 
MgO is similarly fast than for Au/MgO* i.e.* that it also 
occurs at time constants <<0*1 seconds* and that Ostwald 
ripeniriG can be excluded as a maJor factor, 

(ii) The particles coalescinG durins RT vacuum annealiriG do 
often not sinter into a new* hemispher i ca 1 1 y shaped sinele 


crystal particle* 


but 


they rather 


form "rafts 


of 


particles* possibly fillins saps between each other bu some 
short-distance auto-diffusion* leavins the area coverage of 
the substrate with particles essentially uncharged* This 
findine indicates that in the case of Pd/tisO the second of 
the two steps (30) comprisins full coalescence* i.e.* the 
sinter inG to a homoseneous new particle* does not often 
occur* One possible explanation for this observation misht 
be a stroriG interaction of the palladium with the 
substrate* thus makine diffusion of Pd atoms away from a 
position near the substrate surface for incorporation into 
a newly formiriG* larcer particle less likely* 

(iii) The uhv-RT annealinG effect is relatively stronGest 
for the smallest particle sizes* i*e** for thin deposits* 
and decreases with increaslnc deposit thickness. This 
ofaser- vation* most clearly demonstrated with Fics* 16 and 
9* is in asreement with most other smal 1-part icle mobility 
observations that have been reported and can essentially be 
reconciled with the reasonable assumption that the 
activation enersy for mobility of a cluster follows an 
inverse relation to the cluster /substr ate contact area* 

(iv) The annealinc effect is Greatly enhanced upon exposure 
of the Pd deposited MgO surface to laboratory air or to a 
low-pressure oxysen environment* Demonstrated with FiG5.12 
and 13 for a medium and heavy Pd deposit on MgQ for the 
case of air exposure* and with FiG*3 and 15 for an oxysen 
exposure* it is conceivable that the oxysen available for 
adsorption , at ; the particle and substrate surfaces 
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deactivates the strone particle/substrate interaction and 


thus reduces the activation enerGS for particle mobility* 
Once exposed to oxyeeri or laboratory air? the enhanced 
anneal iris effect seems to continue for laris periods of time 
(tens of hours f FiG*13d and 15b ) t whereas it seems to 
subside comparatively cuickly if no oxycen or air exposure 
is offered to the as-deposited particles (FiGS*8? 16c> 9)* 
The circumstance that the lona-term RT-annealed particles 
look substantially different depend i pig on the annealine 
conditions — anneal ins in laboratory air yields particles 
with more rounded? seem ins ly hemispherical cross-sections 

(Fie ♦ 13d ) k those exposed to laboratory air for only a short 

— 5 

duration and then annealed under 10 millibar total 
pressure conditions flatten on the substrate (Fie* 15b) — — 
may asain be related to the availability of oxysen* Once 
the oxysen chemisorbed on the particles is used up? such as 
for oxidation of the palladium or a catalytic activity 
involvine the palladium)? further chemi- sorbed oxysen is 
available in the vacuum-anneal ins case only on the 
substrate surface* This may cause palladium atoms to 
diffuse from the particles to the chemisorbed oxysen on the 
substrate surface? thus pr oducine the TEM appearance cf 
flatteninc and spread ins of the palladium .islands* 
Spreading under somewhat similar conditions has been found 
for nickel on mica upon oxysen exposure at 300 C <^2)* 
However? these authors attributed the spreadiriG to NiO 
formation* Air-annealed particles have plenty of oxysen 



available at any place and any time? thus render irtG any 
spreadins and flattenins unnecessary? In fact? the 
evidence is that under these conditions minimisation of the 
particle surface area to a sperical * shape eventually 
becomes predominant? indicatinc that the metal-substrate 
interaction is eventually weakened when enouGh oxyeeri is 
beinG made available from sources other than the substrate 
itself? and/or if the specimen is exposed to a 
contaminatinG environment ♦ 

<v> The anneal ins effect in air/oxyeeri exposed samples is 
enhanced by the imacine electron beam* It is unclear at 
present? if the apparent sensitivity of MgO to electron 
irradiation damase <FiG*;L8> is related to the observed 
enhancement of the spreadins/f lattenine effect (Fie *17)* 
If radiation damase is manifest in destruction on the Mg- 0 
bonds? it is more easy for oxween from the substrate to be 
made available to the palladium? possibly enhancine the 
diffusion of Pd to the oxyeen sites* It is unclear if the 
Pd actually diffuses into the bulk of the substrate in this 
process* The electron imaae appearance in thin substrate 
areas (Fi(3*i7d? upper risht) does suscest a homoserieous 
"mixture" between what used to be the MgO substrate and Pd 
particles* If this is correct? it would then follow that 
e-beam irradiation can be on effective means to disperse 
palladium* It is? of course? also possible to interpret© 
the disappear ance of features clearly attributable to Pd 
and distineuishable from MgO in Fie* 17d as due to 
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evapor ation/desorption r possibly ©lectT'orrbosni 
of palladium* 


st imulatodr 



CONCLUSIONS 


Palladium was deposited inside a custom TEM specimen 

chamber onto clean MgO tiooj and (UlJ and <X -alumina 

* 

surfaces prepared by electron-beam flash-heat ina » TEH 
examination of deposits of 0*3 - 1*0 nm nominal thickness 

yielded results that are consistent with a sirens metal - 
support interaction (SMSX) for Pd/MsG and a weak interac- 
tion for the Pd/alumina system. These results include} 

(i) perfect epitaxy for Pd/MeO already for room-temperature 
(RT) deposits r and almost completely random orientation of 
Pd/alumina under the same conditions? (ii) expansion of the 
Pd lattice by some 2-^7.* the larsest amounts of expansion 
heine reels tered for the smallest particles t whereas the 
expansion measured for Pd/ «< -alumina was <A%? < i i i > a 
spreadine of the Pd islands on the MgO substrate upon 
lonc-term (tens of hours) hioh- vacuum annealiriG at RT 
after exposure to laboratory air or oxycen? (iv) strone 
coalescence with subseauent minimisation of the surface 
area of the coalesced particles durins loriG-term (tens of 
hours) RT exposure to laboratory air? and (v) an increased 
rate of spreadiriG — and possibly atomic diffusion into the 
MgO substrate — of Pd upon intensive irradiation with the 
electron beam at rates that were determined to cause 
sisriif leant radiation damase in the bare MgO substrate. 
Mobilities of particles a'uririG annealins of PoYMgO were 
observed but occurred less frequently than for Pd/alumina. 
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The additional result that the stick inti probability for RT 
deposits of Pd on clean McO is low ( <0.1 > and about 5 
times lower than on clean ©< -alumina seems inconsistent 
with the SMSI concept for Pd/McQ*. 

The experiments clearly indicate that one should exercise 
caution in the interpretation of ex-situ TEH results 
obtained from’ metal deposits that have been exposed to 
laboratory air durins the TEH specimen preparation process* 
Substantial chances in particle habit and crystal struc- 
ture f as well as sizer area cover ace of the substrate r and 
number density may occur* Chances may even be experienced 
due to exposure of only a few tens of Lancmuirs of cases 
such 3s oxycen or air> or even due to mere RT- anneal ins* 
These findines underline the importance of in-situ TEM 
observations when character izinc particulate deposits of 
catalytical ly active materials. 
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FIGURE CAPTIONS 


Fic.l 
F v g .2 

Fxg .3 


Fie .4 

Fi g . 5 4 


♦ Typical 0.6 nm RT-deposit of Pd on sapphire, 

/ 

♦ n *6 rim RT~deposit of Pd on sapphire after annealinc 
at 600 C. Indicated reflections are ill Pd and 
1210 «< s -A1 1 03. 

♦ 0.2 nn deposit of Pd/sapphire? (a) after RT- 

deposition (very small particles;- randomly 
oriented) r <h> after 3 min anneal at 500 C and 
2x10 millibar total pressure (particles 

coalesced to 3.3 nm mean si:ce* epitaxially 
oriented)? (c) after 10 min oxyeen exposure at 
200 C and 10 millibar (much additional 

coalescence)? (d) after additional hydroGen 
exposure at 200 C (no apparent additional 
chanses). 220 reflections of Pd indicated as 
reference. Dots are alumina r arcs are Pd 
reflections . 

Typical RT-deposit of Pd on £i0 0| MgO? nominal 
thickness 0.3 nm (a)c 0.6 nm (b)j- (.2 nm (c)r and 

1 . 8 n tTi ( d ) ♦ 

Particle number density (N) vs. nominal deposit 
thickness for Po/MgO £l00} and £lllj. 
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F i g ♦ 6 ♦ Particle area coveraGe (0 ) vs 4 nominal deposit 
thickness for Pd/MsO £l 0 0} and {in}. 

FiG.7. Mean particle diameter (Dr computed from eau* (2) ) 
vs 4 nominal deposit thickness for Pd/MsO -£ 1 0 0^ and 

ini]. 

FiG. 8 . Deposition - annealiriG sequence of pdr Rl-deposited 
at 0,3 nm nominal thickness onto £l 0 0j MgO. 

(a) substrate after e-beam "cleavaGe" before depo- 
sition? <b) shortly after deposition? (c> 21 hrs 
after deposition? (circle indicates example of 
particle coalescencer souare of mobility ) 4 

FiG.9, [42 nm (nominal) deposit of Pd on MgO? left? 28 min 

after end of deposition? rifiht? after 24 hour RT- 

- 8 

anneal at 1 x 10 millibar 4 Very few charges have 
occurred due to larGe size of particles 4 

FiG ( 104 Typical sel ecteo'-ar ea diffraction pattern of 

Pd/MsO £i00j of 1,2 nm (left) and 1.8 nm (risht) 
nominal thickness. 

Fie. 11 . Po/MgO (0.3 nm nominal thickness) 7 min after 

deposition (a)? and 2,5 min (b)r 36 min (c)r and 
200 min (a) after exposure to oxyoen for 3 min at 
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~ A 

2 x 10 ' ° millibar* Circles indicate examples of 
coalescence)' trianele of shape chance* 

Fig. 12* Pd/MsO ^111] deposit (0, 9 rim nominal thickness) 

t 

before (left) and 5 hrs after 10 min exposure to 
laboratory air (rieht)r exhibiting much coales- 
cence and particle mobi 1 i ty r often end ins at 
steps » 


Fj.cs*13* F'd/MsO £l00j[ < f *8 nm nominal thickness) shortly 
after deposition (a)? after 10 min exposure to 
laboratory air <b)? after 30 additional minutes 
of exposure to air (transfer to other microscope? 

(c) )? arid after 120 hrs exposure to laboratory air 

(d) * Circle depicts randomly selected are 3 for 
easier comparison* 

Fis*14* Lons-term air-exposed Pd/Ms 0 £l 0 0^ * Left} Br-imase? 
center* focussed Pd 200 SZDF imasei rifiht} 
double exposure of focussed arid defocussed Pd 20 0 
SZCF imsees* 

Fig *15* Pd/MeD (£ill^ area in lower half? £.1.00jarea in 
upper half? 0*3 rim nominal deposit thickness)? 
left} before exposure? rieht} 100 hrs after 

anneal in oxysen for 3 min at 2x10 ^ millibar? 
exhibi/tiriG particle flatteninc* 
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FiG.16. Pd/McO £100$ (0,6 nm nominal thickness)? (a) 

immediately afteT end of deposition? <b) 200 min 
later? <c> and <d) 15 hrs later? .‘(d) has obtained 
150 A sec/cm2 additional electron irradiation? 
eausirtG radiation damaee-induced particle 
f latteninG « 

FiG.17» F'd/MGO£ilij (0*3 nm nominal thickness) immediately 
after deposition (a)? 100 hrs later (b>? after • 
additional 20 hrs vacuum anneal ins followinG a 10- 
min air exposure (c)? and after additional 250 A 
sec/cm2 electron irradiation (d), 

FiG,18, MgO substrate immediately followinG e-beam 

"cleavase' (a)? after 240 A sec/cm2 (b) and 
after additional 720 A sec/cm2 <c) electron 
irradiation? and after air exposure and additio- 
nal electron irradiation <d). 

Fie, 19, Condensation probability <F‘) for F'd/MaO £l00| and 
[ill] r computed with equation (3). 

Fie, 20, Diffraction intensity distributions for various 
mean particles sizesr computed with ecu, (4) (A)? 
and measured for F'd/MsD (B)» 
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